A search is performed in proton-proton collisions at √ s = 8 TeV for exotic particles decaying via WZ to fully leptonic final states with electrons, muons, and neutrinos. The data set corresponds to an integrated luminosity of 19.5 fb −1 . No significant excess is observed above the expected standard model background. Upper bounds at 95% confidence level are set on the production cross section of a W boson as predicted by an extended gauge model, and on the W WZ coupling. The expected and observed mass limits for a W boson, as predicted by this model, are 1.55 and 1.47 TeV, respectively. Stringent limits are also set in the context of low-scale technicolor models under a range of assumptions for the model parameters.
Introduction
Many extensions of the standard model (SM) predict heavy charged gauge bosons, generically called W , that decay into a WZ boson pair [1] [2] [3] [4] [5] [6] . These extensions include models with extended gauge sectors, designed to achieve gauge coupling unification, and theories with extra spatial dimensions. There are also models in which the W couplings to SM fermions are suppressed, giving rise to a fermiophobic W with an enhanced coupling to W and Z bosons [7, 8] . Further, searches for W bosons that decay into WZ pairs are complementary to searches in other decay channels [9] [10] [11] [12] [13] [14] [15] [16] , many of which assume that the W → WZ decay mode is suppressed. New WZ resonances are also predicted in technicolor models of dynamical electroweak symmetry breaking [17] [18] [19] .
This Letter presents a search for exotic particles decaying to a WZ pair with W → ν and Z → , where is either an electron (e) or a muon (µ), ν denotes a neutrino, and the W and Z bosons are allowed to decay to differently flavored leptons. The data were collected with the CMS experiment in proton-proton collisions at a center-of-mass energy √ s = 8 TeV at the CERN LHC and correspond to an integrated luminosity of 19.5 fb The search at √ s = 8 TeV presented in this paper focuses on the fully leptonic channel, which is characterized by a pair of same-flavor, opposite-charge, isolated leptons with high transverse momentum (p T ) and an invariant mass consistent with that of the Z boson. A third, high-p T , isolated, charged lepton is also present, along with missing transverse momentum associated with the neutrino. Background arises from other sources of three charged leptons, both genuine and misidentified. The primary background is the irreducible SM WZ production. Nonresonant events with no genuine Z boson in the final state, such as top quark pair (tt), multijet, W+jet, Wγ+jet, and WW+jet production, are also considered. Only the first of these is expected to make a significant contribution. Also included are events with a genuine Z boson decaying leptonically and a third misidentified or nonisolated lepton, such as Z+jets (including Z+heavy quarks) and Zγ processes. The final background category includes events with a genuine Z boson decaying leptonically and a third genuine isolated lepton, dominated by ZZ → 4 decays in which one of the four leptons is undetected. Although irreducible, this contribution is not expected to be significant because of the small ZZ production cross section and dilepton decay branching fraction.
The search presented here follows the method applied in the previous analysis [22] , whereby a counting experiment is used to compare the number of observed events to the number of expected signal and background events. However, the new analysis benefits from the increase in center-of-mass energy to 8 TeV and also from improvements in lepton identification, particularly at high p T . An increase in sensitivity is achieved at high W masses by using optimized isolation criteria that successfully take into account collimated leptons from highly boosted Z bosons. Additional improvements related to the optimization of selection criteria are also incorporated. Finally, as in the previous analysis [22] , the results are interpreted within the context of W bosons in extended gauge models and vector particles in LSTC models.
The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. Extensive forward calorimetry complements the coverage provided by the barrel and endcap detectors. The ECAL energy resolution for electrons with transverse energy E T ≈ 45 GeV from Z → ee decays is better than 2% in the central region of the ECAL barrel (|η| < 0.8), and is between 2% and 5% elsewhere. For low-bremsstrahlung electrons, where 94% or more of their energy is contained within a 3 × 3 array of crystals, the energy resolution improves to 1.5% for |η| < 0.8 [30] .
Muons are measured in the pseudorapidity range |η| < 2.4, with detection planes made using three technologies: drift tubes, cathode strip chambers, and resistive-plate chambers. Matching muons to tracks measured in the silicon tracker results in a p T resolution between 1 and 5%, for p T values up to 1 TeV [31].
The particle-flow method [32, 33] consists in reconstructing and identifying each single particle with an optimized combination of all subdetector information. The energy of photons is directly obtained from the ECAL measurement, corrected for zero-suppression effects. The energy of electrons is determined from a combination of the track momentum at the main interaction vertex, the corresponding ECAL cluster energy, and the energy sum of all bremsstrahlung photons attached to the track. The energy of muons is obtained from the corresponding track momentum.
A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found elsewhere [34]. for parton showering, hadronization, and simulation of the underlying event. The SM WZ process, which is the dominant irreducible background, was generated with MADGRAPH. The ZZ process, which contributes when one of the leptons is either outside the detector acceptance or misreconstructed, was generated using POWHEG. The instrumental backgrounds were produced using MADGRAPH and include Z+jets, tt, Zγ, WW+jets, and W+jets. The background contribution from QCD multijet events and from Wγ events was also studied in the simulation and found to be negligible. Next-to-leading order (NLO) cross sections are used with the exception of the W+jets process, where the NNLO cross section is used. The W signal and SM processes used to estimate background were modeled using a full GEANT4 [45] simulation of the CMS detector.
Event simulation
For all the simulated samples, the additional proton-proton interactions in each beam crossing (pileup) were modeled by superimposing minimum bias interactions (obtained using PYTHIA with the Z2* tune) onto simulated events, with the multiplicity distribution matching the one observed in data.
Object reconstruction and event selection
The WZ → 3 ν decay is characterized by a pair of same-flavor, opposite-charge, high-p T isolated leptons with an invariant mass consistent with a Z boson, a third, high-p T isolated lepton, and a significant amount of missing transverse momentum associated with the escaping neutrino. The analysis, therefore, relies on the reconstruction of three types of objects: electrons, muons, and E miss T . The magnitude of the negative vector sum of transverse momenta of all reconstructed candidates is used to calculate E miss T . The events are reconstructed using a particle-flow approach [32, 33] and the details of the selection are provided below.
Candidate events are required to have at least three reconstructed leptons (e, µ) within the chosen detector acceptance of |η| < 2.5 (2.4) for electrons (muons). The events are selected online using a double-electron or double-muon trigger for final states with the Z boson decaying into electrons or muons, respectively.
The double-electron trigger requires two clusters in the ECAL with E T > 33 GeV. The lateral spread in η of the energy deposits comprising the cluster is required to be compatible with that of an electron. The trigger also requires that the sum of the energy detected in the HCAL in a cone of ∆R < 0.14, where ∆R = √ (∆φ) 2 + (∆η) 2 , centered on the cluster, be no more than 15% (10%) of the cluster energy in the barrel (endcap) region of the ECAL. Finally, the clusters are matched in η and φ to a track that includes hits in the pixel detector.
The double-muon trigger requires a global muon with p T > 22 GeV and a tracker muon with p T > 8 GeV. The global muon is reconstructed using an outside-in approach whereby each muon candidate in the muon system is matched to a track reconstructed in the tracker and a global fit combining tracker and muon hits is performed [31] . The tracker muon is reconstructed using an inside-out approach in which all tracks that are considered as possible muon candidates are extrapolated out to the muon system. If at least one muon segment matches the extrapolated track, it qualifies as a tracker muon. The trigger requirements described above have been changed from those in Ref.
[22] wherein two global muons were required to pass the online selection. The new requirements improve sensitivity for collimated muons from highly boosted Z bosons.
Simulated events are weighted according to trigger efficiencies measured, in both observed and simulated data, using the "tag-and-probe" technique [46] with a large Z → sample. In the electron channel, we apply a parametrization based on the turn-on curve measured with observed electrons and find trigger efficiencies to be above 99%. Muon trigger efficiencies above the turn-on are typically measured to be above 90% in observed events. Scale factors are also applied to the simulated samples to account for differences between the observed and simulated trigger efficiencies. These are approximately unity for both the electron and muon channels.
Candidates for leptons from the W and Z boson decays are also required to pass a series of identification and isolation criteria designed to reduce background from jets that are misidentified as leptons. Electron candidates are reconstructed from a collection of electromagnetic clusters with matched tracks. The electron momentum is obtained from a fit to the electron track using a Gaussian-sum filter algorithm [47] along its trajectory taking into account the possible emission of bremsstrahlung photons in the silicon tracker. We require p T > 35 (20) GeV for the electrons from the Z (W) boson decay. We also require |η| < 2.5 and exclude the barrel and endcap transition region (1.444 < |η| < 1.566) as electron reconstruction in this region is not optimal. In comparison with the requirements imposed on electrons from the W boson decays, a looser set of identification requirements, primarily based on the spatial matching between the track and the electromagnetic cluster, is imposed for the electrons from the Z boson decays. Electron candidates are also required to be isolated with particle-flow-based relative isolation, I rel , less than 0.15, where I rel is defined as the sum of the transverse momenta of all neutral and charged reconstructed particle-flow candidates inside a cone of ∆R < 0.3 around the electron in η-φ space divided by the p T of the electron. The I rel computation includes an event-by-event correction applied to account for the effect of pileup [48] . Finally, if an electromagnetic cluster associated with a photon from internal bremsstrahlung in W and Z boson decays happens to be closely aligned with a muon track, it may be misreconstructed as an electron. In order to remove such instances of misreconstruction, electrons are rejected if they are within a cone of ∆R < 0.01 around a muon. Observed-to-simulated scale factors for these identification and isolation requirements, measured using tag-and-probe and parametrized as a function of electron p T and |η|, are applied as corrections to the simulated samples.
Global muon candidates are reconstructed using information from both the silicon tracker and the muon system. Candidates are required to have at least one chamber hit that is included in the global muon track fit and at least two matched segments in the muon system. We require muons with |η| < 2.4 and leading (sub-leading) muon p T > 25 (10) GeV for the muons from the Z decay and p T > 20 GeV for the muons from the W decay. We also require δp T /p T < 0.3 for the track used for the momentum determination, where δp T is the uncertainty on the measured transverse momentum, and we eliminate cosmic ray background by requiring that the transverse impact parameter of the muon with respect to the primary vertex position be less than 2 mm. Particle-flow-based relative isolation, with pileup corrections applied [49] , is defined using a cone of size ∆R < 0.4 around the primary muon and is required to be less than 0.12. The above identification criteria are modified for muons coming from the Z boson decay: one of the muons is allowed to be a tracker muon only and the requirement on the number of muon chamber hits is removed. Additionally, the isolation variable for each muon is modified to remove the contribution of the other muon. These modifications improve the signal efficiency and hence the overall sensitivity for high-mass W bosons. Simulated samples are corrected using observed-to-simulated scale factors that are parametrized as a function of muon |η|.
Opposite-sign, same-flavor lepton pairs with invariant mass between 71 and 111 GeV are used to reconstruct Z boson candidates. In the case of more than one Z boson candidate, where the two candidates share a lepton, the candidate with the mass closest to the nominal Z boson mass [7] is selected. Events with two distinct Z boson candidates, where the candidates do not share a lepton, are rejected in order to suppress the ZZ background. The charge misidentification rate for the leptons considered in the analysis is very small and thus neglected.
A candidate for the charged lepton from the decay of a W boson, in the following referred to as a W lepton, is then selected out of the remaining leptons. When several candidates are found, the one with the highest p T is selected. Neutrinos from the leptonic W boson decays escape from the detector without registering a signal and result in significant E miss T in the event. In order to increase the purity of the selection of W boson decays, the E miss T in the event is required to be larger than 30 GeV. This requirement discriminates against both high-p T jets misidentified as leptons and photon conversions, where the source of the misidentified jet or photon can come from Z+jets or Zγ events, respectively.
In order to suppress events where final-state radiation produces additional leptons (via photon conversion) that are identified as the W lepton, we apply two additional requirements on the event after the W lepton selection. First, events with the trilepton invariant mass m 3 < 120 GeV are rejected to remove events where m 3 is close to the Z boson mass. Second, events where the ∆R between either lepton from the Z boson decay and the W lepton is less than 0.3 are rejected. This removes cases where the W lepton candidate comes from a converted photon and is unlikely to occur in the boosted topology of a massive W boson decay.
After the W and Z candidate selection, the two bosons are combined into a WZ candidate. The invariant mass of this candidate cannot be determined uniquely since the longitudinal momentum of the neutrino is unknown. We follow the procedure used in the previous CMS analysis [22] and assume the W boson to have its nominal mass, thereby constraining the value of the neutrino longitudinal momentum to one of the two solutions of a quadratic equation. Detector resolution effects can result in a reconstructed transverse mass larger than the invariant W boson mass, M W , leading to complex solutions for the neutrino longitudinal momentum. In these cases, a real solution is recovered by setting M W equal to the measured transverse mass. This results in two identical solutions for the neutrino longitudinal momentum. In simulated events with two distinct, real solutions, the smaller-magnitude solution was found to be correct in approximately 70% of the cases, and this solution was therefore chosen for all such events. Figure 1 (left) shows the WZ invariant mass distributions, after the WZ-candidate selection, for signal, background, and observed events. The background contribution, at this point, is dominated by the irreducible WZ process.
In order to further suppress SM background events, we apply two additional selection requirements. The first is a requirement on L T , the scalar sum of the charged leptons' transverse momenta, shown in Fig. 1 (right) . The second is a requirement on the mass of the WZ system. The thresholds for these selection criteria are varied simultaneously at 100 GeV mass spacings for the WZ invariant mass and optimized for the best expected limit on the W production. An analytic function of the WZ mass is fitted to the optimal values. For the mass-window requirement, two regimes of linear behavior are observed: for masses less than 1200 GeV, a narrow mass window is optimal in order to reject as much background as possible. Above 1200 GeV, the background ceases to contribute significantly and it is better to have a large mass window. The L T requirement exhibits a linear relationship: as the mass increases, it is optimal to require a larger L T , until around 1000 GeV, at which point having L T greater than 500 GeV is sufficient. These mass windows and L T requirements are summarized in Table 1 . Events / 100 GeV 
Systematic uncertainties
Systematic uncertainties affecting the analysis can be grouped into four categories. In the first group, we include the uncertainties that affect the acceptance, reconstruction, and identification efficiencies of final-state objects, as determined from simulation. These include uncertainties in the lepton and E miss T energy scales and resolution, as well as uncertainties in the PDFs. Following the recommendations of the PDF4LHC group [50, 51] , PDF and α s variations of the MSTW2008 [52] , CT10 [53] , and NNPDF2.0 [54] PDF sets are taken into account and their impact on the WZ cross section estimated. Signal PDF uncertainties are taken into account as uncertainty bands around the signal cross sections as shown in Fig. 2 . An uncertainty associated with the simulation of pileup is also taken into account.
The second group includes the systematic uncertainties affecting the observed-to-simulated scale factors for the efficiencies of the trigger, reconstruction, and identification requirements. These efficiencies are derived from tag-and-probe studies, and the uncertainty in the ratio of the efficiencies is typically taken as the systematic uncertainty. For the Z → ee channel, we assign a 2% uncertainty related to the trigger scale factors, another 2% to account for the difference between the observed and simulated reconstruction efficiencies, and an additional 1% uncertainty related to the electron identification and isolation scale factors. For the Z → µµ channel, we assign a 5% uncertainty related to the trigger and another 2% uncertainty due to the differences in the observed and simulated efficiencies of muon reconstruction. An additional 3% uncertainty is assigned to the muon identification and isolation scale factors to cover potential differences related to the boosted topology of the signal.
The third category comprises uncertainties in the background yield. These are dominated by the theoretical uncertainties associated with the WZ background. We consider contributions coming from uncertainties related to the choice of PDF (described above), renormalization and factorization scales, and the SM WZ production modeling in MADGRAPH. Scale uncertainties were determined by studying the variation of the cross section in the same phase space of the
Results
analysis by varying the renormalization and factorization scales by a factor of two upwards and downwards with respect to their nominal values. The largest observed variation is taken as a systematic uncertainty. This procedure results in uncertainties of 5% for WZ masses up to 500 GeV and up to 15% from 600 GeV to 2 TeV. As the MADGRAPH sample used for simulating the WZ background contains explicit production of additional jets at matrix-element level, it provides a reasonable description of the process. The prediction is thus only rescaled with a global factor to the total NLO cross section computed with MCFM 6.6 [55] . To estimate uncertainties related to remaining modeling differences between the spectra predicted by MAD-GRAPH and true NLO predictions, we studied the ratio of the WZ cross section in the phase space defined by the analysis selection criteria (for each mass point) to the inclusive WZ cross section. We compared this ratio between MADGRAPH and MCFM and found differences of the order of 5% for WZ masses up to 1 TeV, and of the order of 30% between 1 and 2 TeV. These differences are taken as additional systematic uncertainties in the SM WZ background. For other background processes, the cross sections are varied by amounts estimated for the phase space relevant for this analysis as follows: ZZ and Z+jets by 30%, tt by 15%, and Zγ by 50%.
Finally, an additional uncertainty of 2.6% due to the measurement of the integrated luminosity is included [56] . Table 2 presents a summary of the above systematic uncertainties. 
As shown in Fig. 1 , the data are compatible with the expected SM background and no significant excess is observed. Exclusion limits on the production cross section σ(pp → W /ρ TC → WZ) × B(WZ → 3 ν) are determined using a counting experiment and comparing the number of observed events to the number of expected signal and background events. The limits are calculated at 95% confidence level (CL) by employing the ROOSTATS [57] implementation of Bayesian statistics and assuming a flat prior for the signal production cross section. Systematic uncertainties, other than signal PDF uncertainties, are represented by nuisance parameters.
The results for the number of observed and expected background and signal events at different W masses are given in Table 1 .
The expected (observed) limit on the mass of the W boson is 1.55 (1.47) TeV in the EGM. For LSTC, with the chosen parameters M π TC = 3 4 M ρ TC − 25 GeV, the expected and observed ρ TC mass limits are 1.09 and 1.14 TeV, respectively. For each of the above cases the lower bound on the exclusion limit is 0.17 TeV. Figure 2 shows these limits as a function of the mass of the EGM W boson and the ρ TC particle along with the combined statistical and systematic uncertainties. Figure 3 shows the LSTC cross section limits in a two-dimensional plane as a function of the ρ TC and π TC masses. The W production cross section and the branching fraction B(W → WZ) are affected by the strength of the coupling between the W boson and WZ, which we refer to as g W WZ . The EGM assumes that
W where g WWZ is the SM WWZ coupling and M W , M Z , and M W are the masses of the W , Z, and W particles, respectively. If the coupling between the W boson and WZ happens to be stronger than that predicted by the EGM, the observed and expected limits will be more stringent. This is illustrated in Fig. 4 , where an upper limit at 95% CL on the W WZ coupling is given as a function of the mass of the W resonance. [44] T. Melia, P. Nason, R. Röntsch, and G. Zanderighi, "W + W − , WZ and ZZ production in the POWHEG BOX", JHEP 11 (2011) 078, doi:10.1007/JHEP11(2011)078, arXiv:1107.5051.
[45] GEANT4 Collaboration, "GEANT4-a simulation toolkit", Nucl. Instrum. Meth. A 506 (2003) 250, doi:10.1016/S0168-9002(03)01368-8.
